A A recombinant bacteriophage coding for xylanase and D-xylosidase activity has been isolated from a genomic library of the extremely thermophilic anaerobe "Caldocellum saccharolyticum." Partial Sau3AI fragments of the recombinant DNA were ligated into pBR322. A recombinant plasmid with an insertion of ca. 7 kilobases of thermophilic DNA expressing both enzymatic activities was isolated. The location of the genes has been established by analyzing deletion derivatives, and the DNA sequence of 6.067 kilobases of the insert has been determined. Five open reading frames (ORFs) were found, one of which (ORF1; Mr 40,455) appears to code for a xylanase (XynA) which also acts on o-nitrophenyl-o-D-xylopyranoside. Another, ORF5 (Mr 56,365), codes for a ,3-xylosidase (XynB). The xynA gene product shows significant homology with the xylanases from the alkalophilic Bacillus sp. strain C125 and Clostridium thermocellum.
D-xylosidase (EC 3.2.1.37). The first enzyme acts on xylan to generate small xylooligosaccharides, and the 3-xylosidase hydrolyzes dimers and trimers of xylose to the monomeric sugar (5) .
"Caldocellum saccharolyticum" is an extremely thermophilic anaerobic microorganism which is capable of growing at 80°C under laboratory conditions. This organism can use xylan as the sole carbon source (4) . The temperature optimum and stability of the cellulolytic and xylanolytic enzymes produced by "C. saccharolyticum" exceed those reported for other cellulases and xylanases (4, 20, 35, 47) . These properties may become important, as xylanases and other hemicellulases may play a role in the enzymatic bleaching of pulp in the manufacture of paper (19, 33) . In this report we describe the molecular cloning of a gene encoding a xylanase which also acts on o-nitrophenyl-P-D-xylopyranoside (OPNX) and a gene for a P-xylosidase from "C.
saccharolyticum. " 
MATERIALS AND METHODS
Bacteria and culture conditions. Escherichia coli Q359 (FsuII 4+80 P2 [rk-Mk+]) (24) was used to construct the genomic library. E. coli TG1 [A(lac pro) supE thi hsdS F'(traD36 proAB+ lacIq lacZAM15)] (44) was used to grow up M13mp recombinant bacteriophages and as a host for the different plasmids. Media and culture conditions are described in reference 8.
Nucleic acid procedures and construction of the genomic library. Standard recombinant DNA techniques were used as described previously (26) . Preparation of phage and phage DNA is described in reference 24. A genomic library of 14-to 20-kilobase-pair Sau3AI fragments of "C. saccharolyti-* Corresponding author.
cum" was prepared in the X1059 BamHI substitution vector as described previously (24) .
Identification of xylanase and ,-xylosidase-positive X1059 clones. Individual plaques were stabbed to duplicate agar plates overlaid with soft agar containing E. coli Q359. The plates were incubated overnight at 37°C, and one set of plates was overlaid with 0.8% (wt/vol) soft agar containing 0.8% (wt/vol) xylan coupled to Remazol brilliant blue or oat spelt xylan (Sigma Chemical Co.) plus 1% (wt/vol) OPNX and incubated at 70°C for 2 h. Xylanase activity was detected as a pale blue halo on plates containing xylan coupled to Remazol brilliant blue. 3-Xylosidase activity was detected as a diffuse yellow color due to the hydrolysis of ONPX. These plates were subsequently stained with Congo red to detect xylanase activity, which appeared as a yellow halo in a red background (42) .
Construction of pNZ1076 and derivatives. DNA of a X1059
recombinant expressing xylanase and P-xylosidase activity was partially digested with Sau3AI, and the fragments were ligated into pBR322 (6) to give pNZ1076, which expressed xylanase and ,-xylosidase activity. The approximately 7- kilobase thermophilic DNA fragment inserted in pNZ1076 was deleted with BAL31 exonuclease from the Sall site in the vector portion of pNZ1076, cut with EcoRl, and recloned in pCGN566 (41) to give pNZ1400, pNZ1408, pNZ1437, and pNZ1440. Plasmids pNZ1437 and pNZ1440 also have the EcoRV fragment deleted. Other deletions were constructed by digesting pNZ1400 with HincII and religation (pNZ1438) and by directional cloning of restriction enzyme fragments from pNZ1400 in pCGN566, pBS(-), and pUC18 (39, 41, 49) . For diagrams of all plasmids, see Fig. 2 . Determination of enzyme activities in E. coli. The presence of xylanase activity was tested by using the Congo red staining method (42 
4101 TGGTGTTCCAATAGATTTTATTTCAACGCATCAATATCCAACAGATTTAGCATTCAGTACAAGCCAAATATGGAAGAGGCTATGGCAAAAGCAAAGAGA 4200 pended in 100 pul of 50 mM citrate -100 mM phosphate buffer (pH 6.5) for the 3-xylosidase assay. For the acetyl esterase assay, cells were suspended in the same buffer at pH 6. A drop of toluene was then added. For the f-xylosidase assay, 10 p.l of ONPX (20 mg/ml in dimethylformamide) was added and the cells were incubated at 70°C for 30 min. Cells expressing 3-xylosidase activity were detected by the yellow color produced from the degradation of the substrate (21) . For the acetyl esterase assay, 10 pul of (x-naphthyl acetate (20 mg/ml in dimethylformamide) was added and the cells were incubated at 70°C. After 30 min, 50 ,u1 of coloring reagent (1 M sodium acetate buffer [pH 4.5] containing 0.01% Fast Corinth Salt V and 10% Tween 20 [36] ) was added. Cells expressing acetyl esterase activity were detected by the purple color produced. E. coli TG1 was used as a negative control.
SDS-polyacrylamide gel electrophoresis. A 15-ml portion of an overnight culture in L broth was spun down, resuspended in 1.5 ml of L broth, and sonicated for 15 s. Cell debris were removed by centrifugation. Portions (50 p.l) of the supernatant were boiled for 5 min in the presence of sodium dodecyl sulfate (SDS)-loading buffer. Samples were electrophoresed in an SDS-10% (wt/vol) polyacrylamide gel by the method of Laemmli (22) . For activity staining, SDS was removed and the gel was assayed for xylanase and P-xylosidase by transfer to an agar sheet containing 0.5% (wt/vol) Remazol brilliant blue-xylan or 1% (wt/vol) ONPX. The method is described in reference 2. Xylanase activity was detected as blue halo, whereas ,B-xylosidase activity was seen as yellow band.
DNA sequence analysis. The sequence of the entire "Caldocellum" insert in pNZ1400 (6,067 base pairs) has been determined by dideoxy sequencing (37) Preliminary results suggest that ORF2 could code for an acetyl esterase (called XynC). E. coli TG1(pNZ1434) degraded a-naphthyl acetate, a substrate used for acetyl esterases (36) , whereas no acetyl esterase activity could be found by using pNZ1430 or pNZ1435. Acetyl esterase activity does not seem to be encoded by ORF3 or ORF4, since no enzyme activity was detected in TG1 (pNZ1440).
Ribosomal-binding sites. Sequences homologous to SD sequences from E. coli and Bacillus subtilis (11, 27, 29) can be located from 4 to 13 base pairs upstream of the initiation codon for all putative proteins, but the similarities are lowest for ORF3 and ORF4 (Table 1) . ORF1, ORF3, and ORF4 do not have the GGAGGA sequence most often found in SD sequences (11 (17, 18) can be found upstream of all ORFs. Transcription of the ORFs seems not to be dependent on plasmid promoter sequences, since the genes are cloned in the opposite direction to the tetracycline resistance promoter of pBR322 (6) or to the lacZ promoter region of pCGN566 (41) . The promoter regions for ORF2 and ORF5 might be positioned within the structural gene of ORFi or ORF4, respectively, since there are only a few nucleotides between the end of one ORF and the beginning of the other (Fig. 1) . These sequences seem to be used for transcription in E. coli, as shown by the enzyme activities encoded by pNZ1437 or pNZ1438 (Fig. 2) . In these plasmids the ORF upstream of ORF2 or ORF5 has been deleted, suggesting that ORF2 and ORF5 are expressed independently. Experiments are being carried out to study the transcriptional organization of the ORFs.
Signal sequences. Only ORFi appears to have a signal sequence in broad conformity with the rules given in reference 45 . This observation is to be expected, since xylanases are thought to be secreted enzymes (5) . A hydropathy plot of ORFi shows a hydrophobic region within the first 10 to 15 amino acids (data not shown), and there is a charged amino acid within the first 5 amino acids (Arg-2), as well as a 16-amino-acid, mainly hydrophobic sequence, which contains two negatively charged amino acids (Glu-8 and Glu-11) pNZ10J76 (pBR322) ORF5
(xynB) 
There are two possible translational start sites for ORF5, each preceded by an SD sequence. ORF1 codes for a xylanase/p-xylosidase (XynA); ORF2
is probably an acetyl esterase (XynC); and ORF5 codes for a ,B-xylosidase (XynB). No enzyme activity has been found for ORF3 and ORF4. ORF6 reads out of the cloned fragment. b Homology with the E. coli SD sequence (11) is shown as *; homology with the B. subtilis SD sequence (27, 29) is underlined. and two polar amino acids (Asn-9 and Asn-14) followed by a stretch of charged and hydrophobic amino acids with small side chains. The cleavage site could be either after the two alanine residues (positions 29 and 30) or after Thr-32 or Ala-33 (Fig. 3) .
The presence of charged and polar amino acids in the hydrophobic core and at the C-terminal end of the ORFi signal peptide is quite atypical and cannot be found in the xylanases from the alkalophilic Bacillus sp. strain C125 (15) or B. pumilus (9) , which are compared in Fig. 3 . It is also 1 10
different from the signal peptide found in the celB gene of "C. saccharolyticum" (Fig. 3 ) (38) and from most of the procaryotic signal peptides compiled in reference 45. A similar structure can be found for the signal peptides of penicillinases from B. cereus (28) and B. licheniformis (Fig.  3) (31) . The B. licheniformis penicillinase signal peptide is 50 amino acids long, and 14 of the last 22 are charged and polar amino acids. In B. cereus the signal peptide is 45 amino acids long, and 7 of the last 14 are charged or polar residues. Homology comparisons. Comparison of the predicted amino acid sequence of ORF1 (xynA gene) with those of other xylanases, 3-xylosidases, glucanases, or ,-glucosidases compiled in the GenBank data base revealed significant similarities to the following enzymes (Fig. 4) : (i) xylanase of alkalophilic Bacillus sp. strain C125 (xynA) (15); (ii) C-terminal domain containing the xylanase activity of the xylanase (xynZ) of Clostridium thermocellum (13) ; (iii) cellobiohydrolase domain of the "Caldocellum" bifunctional exocellulase-endocellulase (celB) (38) ; (iv) exoglucanase cex from Cellulomonas fimi (32); and (v) ORF4 (function unknown) (see above). We also found similarity between ORF1 and the N-terminal sequence of the xylanase from the yeast Cryptococcus albidus (7; data not shown). It has been shown by others (46) that this enzyme is similar to the exoglucanase from Cellulomonas fimi and to the xylanase from the alkalophilic Bacillus sp. strain C125, which are compared in Fig.  4 . We found no similarities to the xylanases or ,-xylosidases reported from B. circulans (48) , B. subtilis (34) , and B.
pumilus (9, 30 
DISCUSSION
We report here the cloning and sequence structure of a gene (xynA) that has xylanase/,-xylosidase activity, of a separate gene that does not show activity against xylan but does have ,-xylosidase activity (xynB), and of a third gene, which could code for an acetyl esterase (xynC). These three genes have little sequence similarity with each other. The xynA gene product has sequence similarity with the gene product encoded by the putative ORF4. Consideration of the upstream control sequences of ORF4 suggests that this protein may not be expressed, and it could be a pseudogene by analogy with the celX gene described for Clostridium thermocellum (14) .
Others have noted the homology between the exoglucanase domain of Cellulomonas fimi, the alkalophilic Bacillus sp. strain C125, and the Cryptococcus albidus xylanases and have suggested that the glycosidases from Cellulomonas, Trichoderma, and Bacillus spp. may have evolved from the reshuffling of two catalytic domains and several binding domains (46) . The "Caldocellum" xylanase/,B-xylosidase shares similarities with the catalytic domains described for the exoglucanase of Cellulomonas fimi, the cellobiohydrolase domain of "Caldocellum" celB (38) , and the C-terminal domain of the Clostridium thermocellum xynZ gene product, which contains the xylanolytic activity (13) . It also has similarities with the xylanases of the alkalophilic Bacillus sp. strain C125 (15) and Cryptococcus albidus (7). It does not show significant similarity to the endoglucanase domains compared in reference 46. Thus, the "Caldocellum" xylanase/4-xylosidase enzyme may be the product of reshuffling of catalytic and binding domains, resulting in an enzyme with different substrate specificity.
The similarity of the xynA gene product to the exoglucanase domains of Cellulomonas fimi cex and "C. saccharolyticum" celB gene products may be explained by the fact that the enzyme also degrades 4-methylumbelliferyl-3-Dcellobioside (MUC), a substrate used as a test for exoglucanase activity (43) . Others also have recorded the action of cloned xylanases on MUC (10, 12, 16) and have presumed that this activity represents nonspecific cleavage of the agluconic bond (12) . Purified xylanases have been reported which either hydrolyze xylan only (40) or also show endo-or exoglucanase activity (23) . In addition to MUC activity, the xynA gene product shows low-level activity on carboxymethyl cellulose, as measured by reducing-sugar assays (our unpublished data).
The xylanase/p-xylosidase does not show the three-domain structure separated by "PT" boxes that characterize the bifunctional enzyme we have identified in "Caldocellum" (CelB) (38) and which can also be found in the Clostridium thermocellum xylanase (13) . Nor does it show the conserved region seen by others for the endoglucanases EGA and EGB of Clostridium thermocellum, the endo-and exoglucanases of Cellulomonas fimi, and the cellulases of Trichoderma reesei (see reference 13 and references therein).
The putative signal peptide for the xylanase/p-xylosidase is quite atypical in comparison with leader sequences found for other xylanases (9, 13, 15, 34) or glucanases (14, 25) because of the presence of charged and polar amino acids in the hydrophobic sequence. It also differs from the "Caldocellum" celB gene product signal peptide (38) . However, the charged C terminus of the xynA gene product signal peptide resembles signal peptides found for the penicillinases of B. cereus and B. licheniformis. The B. cereus 3-lactamase is almost completely secreted (28) , whereas in B. licheniformis a substantial proportion is found as hydrophobic membranebound form (31) . The charged and polar part of the penicillinase is anchored in the membrane via a glyceride thioether bond formed with a cysteine residue. The conserved sequence proposed (31) for the membrane-bound penicillinases and other membrane-bound lipoproteins is -Leu-Ala-GlyCys-a-Ser-Asn-(where a designates a neutral or nonpolar residue). This sequence cannot be found in the xynA gene product signal peptide, but other signals may be relevant for membrane-bound "Caldocellum" proteins.
The temperature optimum of the "Caldocellum" xynA gene product exceeds those reported for other xylanases, for example, the xylanase of Clostridium stercorarium, which has an optimum of 65°C (3) . Although the 70°C temperature optimum (our unpublished data) for the xynA gene product is not as high as for other enzymes from the same organism (4, 38) , this property may be of value in the bleaching of chemical pulp (19, 33) .
